a b s t r a c t 25 With reference to the European regulation about the management of End-of-Life Vehicles (ELVs), Direc-26 tive 2000/53/EC imposes the achievement of a recycling target of 85%, and 95% of total recovery by 2015. 27 Over the last few years many efforts have been made to find solutions to properly manage the waste com-28 ing from ELVs with the aim of complying with the targets fixed by the Directive. 29 This paper focuses on the economical evaluation of a treatment process, that includes physical (size 30 and density), magnetic and electrical separations, performed on the light fraction of the automobile 31 shredder residue (ASR) with the aim of reducing the amount of waste to dispose of in a landfill and 32 enhancing the recovery of valuable fractions as stated by the EU Directive. The afore mentioned process 33 is able to enhance the recovery of ferrous and non-ferrous metals of an amount equal to about 1% b.w. (by 34 weight) of the ELV weight, and to separate a high energetic-content product suitable for thermal valori-35 zation for an amount close to (but not higher than) 10% b.w. of the ELV weight. 36 The results of the economical assessment led to annual operating costs of the treatment ranging from 37 300,000 €/y to 350,000 €/y. Since the considered plant treats about 13,500 metric tons of ASR per year, 38 this would correspond to an operating cost of approximately 20-25 €/t. Taking into account the amount 39 and the selling price of the scrap iron and of the non magnetic metal recovered by the process, thus lead-40 ing to a gain of about 30 €/t per ton of light ASR treated, the cost of the recovery process is balanced by the 41 profit from the selling of the recovered metals. On the other hand, the proposed treatment is able to 42 achieve the fulfillment of the targets stated by Directive 2000/53/EC concerning thermal valorization 43 and reduce the amount of waste generated from ELV shredding to landfill.
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cling target of 85% and a total recovery of 95% by 2015. By that 54 time only 5% of a vehicle will be admitted into a landfill and no 55 more than 10% will undergo thermal recovery. 56 In order to improve the environmental sustainability of the 57 overall automotive productive process and meet the targets stated 58 by the EU Directive, over the last few years a lot of efforts have 59 been made to find solutions to properly manage the waste coming 60 from ELVs. In particular the actions undertaken included the 61 improvement in the logistics for the ELV's collection and disman-62 tling (Mahmoudzadeh et al., 2013) , mainly in emerging countries, 63 the design for recycling (i.e. the disassemblability of the automo-64 tive components) (Galvagno et al., 2001; Go et al., 2011) , the com-65 plete depollution prior to shredding (i.e. the removal of the engines 66 and of a increased number of plastic parts) (Ferrão and Amaral, 67 2006; Forton et al., 2006; Schmid et al., 2013) and the pretreat-68 ments devoted to rise the amount of an ELV suitable for material 69 or energy recovery (Granata et al., 2011; Santini et al., 2012; Vig-70 anò et al., 2010) . 71 This waste, named automobile shredder residue (ASR) or car 72 fluff, is generated from ELVs after shredding and sorting valuable 73 ferrous and non ferrous metals and it counts for about 20-25% 74 b.w. (by weight) of a vehicle's total weight (Fiore et al., 2012) . 75 ASR represents up to 10% b.w. of the whole amount of hazardous 76 wastes produced per year in the EU and about 60% b.w. of the 77 EU's total shredding wastes (Rossetti et al., 2006) . 78 The composition of the ASR was reported by several authors 79 (Fiore et al., 2012; Morselli et al., 2010; Santini et al., 2011; Zorpas 80 and Inglezakis, 2012) as a mixture of plastic, rubber, light and heavy 81 fiber materials in varying proportions and an abundant fraction 82 (40-50% b.w.) which includes fine particles (<10 mm) that are 83 usually very rich in metals. The exact composition and the 0956-053X/$ -see front matter Ó 2013 Published by Elsevier Ltd. http://dx.doi.org/10.1016/j.wasman.2013.09.025 84 characteristics of the ASR waste depend on the quality of the feed 85 (combination of ELVs, white goods and ferrous waste), the grade 86 of de-pollution operated in the shredding plant, the specific shred-87 der equipment employed and the post shredder separation pro-88 cesses operated. 89 Due to the high complexity of the waste, the development of 90 technologies for the enhancement of the recycling of ASRs is quite 91 complicated. In addition, there are some factors preventing the 92 total recovery of ASRs that include its physical nature, frequent 93 contamination, poor development of secondary markets and sub-94 stantial processing costs (Simic and Dimitrijevic, 2012; Simic and 95 Dimitrijevic, 2013) . 96 According to Nourredine (2007) , the conventional route for the 97 recovery and recycling of an ELV is made up of standard practices 98 aimed at metal recycling. The process includes the phases of de-pol-99 lution (e.g. removal of tires, batteries, lubricants and fuel), shred-100 ding and sorting ferrous and non ferrous metals, by using 101 magnetic and electrostatic separation, to be recycled in foundry 102 plants. Such a process proved capable of achieving a recovery rate 103 (RR, as defined in ISO 22628) equal to 75.9% b.w. of an ELV (Fiore 104 et al., 2012) . This value may rise to 78.6% b.w. if the phase of de-pol-105 lution, other than tires, batteries, lubricants and fuel, includes the 106 removal of bumpers, fuel tanks and alloy wheels (Fiore et al., 2012) . 107 So, in order to further improve the RR value, in the same work 108 (Fiore et al., 2012) several post-shredding processes were tested 109 by the authors at lab scale. The focus of those tests was only on 110 the ASR light fraction because, according to the usual ASR classifi-111 cation (Fiore et al., 2012; Vermeulen et al., 2011) , ASR consists of 112 three parts: light ASR, heavy ASR and soil/sand, the first of which 113 is the most abundant, accounting for about 90% b.w. of the total 114 ASR produced in a shredding plant (Fiore et al., 2012) . The lab-scale 115 post-shredding tests were carried out on the light ASR deriving 116 from ELVs only, without white goods or light collection items, 117 which are usually shredded together with ELVs but whose amount 118 is very variable and difficult to quantify.
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The post-shredding processes tested in Fiore et al. (2012) appreciably reducing the amount to be disposed of in landfill. 130 In this paper, after having recalled and described the results 131 obtained in the T2 post-shredding treatment with more detail than 132 in the previous paper, the hypothesis of transposing those lab-scale 133 outcomes to a full scale treatment was made. The main objective of 134 this paper is then to perform a rigorous and complete economical In order to carry out a complete economic assessment of an 145 industrial post shredding treatment which performs the same unit 146 operations of the T2 process tested at lab-scale (Fiore et al., 2012) , 147 it was hypothesized that such a process treats an ASR amount 148 equal to that generated by an Italian medium-size shredding plant 149 (ELV shredding capacity: 50,000-80,000 t/y), like those described 150 in Fiore et al. (2012) . In particular, the economic assessment pre-151 sented in this paper was carried out on a hypothetical post-shred-152 ding process capable to treat about 13,500 t/y of light ASR. This is 153 the amount of light ASR generated by an ELV shredding plant with 154 a capacity of 65,000 t/y. 155 The full-scale process will treat a light ASR material having sim-156 ilar characteristics in term of particle size distribution and product 157 composition of that employed in the lab-scale post shredding tests. 158 The ASR undergone the lab scale tests described in Fiore et al. 159 (2012) was generated and collected in a shredding plant that is ploys the scale-factor method described in Turton et al. (2008) . 246 The scale factor method relates the ratio between the cost of the 247 considered machine or piece of equipment (C) and the cost of a 248 similar reference machine (C 0 ), with the ratio of a characteristic 249 parameter (F) of both as in the following equation: subjected to the post-shredding recovery treatment, the efficiency As shown in Fig. 3 The experimental tests demonstrated that the sieving phase (A) 314 was able to separate the fraction with sizes of less than 4 mm with 315 an efficiency of 90.6% (Ruffino et al., 2010 that remained in the waste product generated by the three in-ser-380 ies processes of sieving, magnetic and electrostatic separation. It 381 was verified that the process of electrostatic separation deter-382 mined the recovery of only 0.18 kg (see Fig. 1 ) of rubber-covered 383 wires over 2.91 kg present in 100 kg of light ASR. 384 The results of the densimetric separation at 1 and 2 kg/dm 3 385 density values, performed at lab scale, are shown in Figs. 4 and 5 . 386 The material subjected to densimetric separation was split into 387 the three classes (<1 kg/dm 3 ; 1-2 kg/dm 3 ; and >2 kg/dm 3 ) accord-388 ing to a b.w. ratio of about 2:1:1. 389 As shown in Fig. 5 , almost the total amount of the textiles (light 390 and heavy), foam rubber, wood and paper passed into the light 391 product (<1 kg/dm 3 ), whereas plastic was divided between the 392 two classes <1 kg/dm 3 and 1-2 kg/dm 3 according to a b.w. ratio 393 equal to about 1:1. The fraction having sizes lower than 4 mm (this 394 is the fraction that was not removed by sieving and on which 395 neither magnetic separation nor electrostatic separation had ef-396 fect) was divided into the two classes <1 kg/dm 3 and 1-2 kg/dm 3 397 approximately according to the same ratio. Metals, miscellaneous 398 material (4-10 mm) and rubber were mainly found in the >2 kg/ 399 dm 3 class. With reference to rubber, many rubber parts or compo-400 nents employed in the manufacture of a vehicle are made of steel-401 reinforced rubber, that is the reason why rubber was found in the 402 >2 kg/dm 3 density class. 403 To sum up, the treatment process described in Fig. 1 , yet the 404 performance of which were only evaluated at lab-scale, is able:
405
-to reduce the amount of waste to be disposed of in a landfill 406 from 20.5% b.w. to about 6% b.w. of an ELV weight, under the 407 hypothesis that, with reference to Fig. 1 , the only fraction to 408 send to landfill is that with particle size <4 mm;
409
-to separate a product, with density <2 kg/dm 3 , whose amount is 410 slightly lower than 10% of an ELV weight, as stated by the EU 411 Directive, with high calorific content (LHV about 25,000 kJ/kg) 412 and purity (containing about 85% b.w. of combustible materials) 413 that can be sent to thermo-valorization processes; Fig. 4 . Results of the product composition analysis of the two fractions coming from the densimetric separation at 1 kg/dm 3 . Table   425 3. 426 Referring to the pieces of equipment, the sieve dimensions were 427 established by dividing the mass flow rate (9.2 t/h, obtained con- where Q 0 is equal to 1 t/(h m 2 mm) for 1-deck vibrating sieves. 435 Magnetic, electrostatic and densimetric separators were sized 436 by taking into account the amount and the dimensional character-437 istics of the processed mass flow. 438 The cost of the item ''other pieces of equipment'' was assumed 439 to be equal to the total cost of the machines processing the four 440 unit-operations (see Table 4 ). TPDC (with the exception of the ma-441 chine costs) and TPIC items were calculated using the coefficients 442 listed in Table 3 . 459 As a consequence of both the calculations summarized above of a vehicle will be admitted into a landfill and no more than 10% 504 will undergo thermal recovery. 
